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 ,QWURGXFWLRQ
7KHUH KDYH EHHQ UDSLG DGYDQFHPHQWV LQ WKH ILHOG RI PLFURIOXLGLFV HVSHFLDOO\ LQ GHYHORSLQJ QHZ GHYLFHV DQG
V\VWHPV 0LFURIOXLGLFV KDYH ZLGH DSSOLFDWLRQV LQ FKHPLFDO DQDO\VLV DQG LQ V\QWKHVLV RI PDQ\ ELRFKHPLFDO
FRPSRXQGV2QHRIWKHFRPPRQDSSOLFDWLRQLVLQLQNMHWSULQWLQJ6XUIDFHPLFURPDFKLQLQJLVDFRPPRQPHWKRGRI
IDEULFDWLQJPLFURIOXLGLF GHYLFHV7KH GLIILFXOW\ LQ WKH FDVH RI VXUIDFHPLFURPDFKLQLQJ OLHV LQ LQMHFWLQJ D SUHFLVH
TXDQWLW\RIIOXLGLQWRWKHPLFURFKDQQHOV6\ULQJHSXPSVFDQEHXVHGIRULQMHFWLQJWKHVHIOXLGVDWDFRQWUROOHGUDWH
7KH\ FDQ EH XVHG WR DGPLQLVWHU VPDOO DPRXQWV RI IOXLG SUHFLVHO\ LQ YDULRXV PHGLD VXFK DV KLJK YLVFRXV IOXLGV
FKHPLFDOVDGKHVLYHVDQGRWKHUFRPEXVWLEOHDQGUHDFWLYH IOXLGV6\ULQJHSXPSVKDYHEHHQGHVLJQHG LQ WKHSDVW WR
VHUYHPDQ\DSSOLFDWLRQV LQ WKH ILHOGRI0HGLFLQHDQG3KDUPDFRORJ\$KLJKSHUIRUPDQFHVLOLFRQPLFURSXPS IRU
GLVSRVDEOHGUXJGHOLYHU\V\VWHPVZDVGHVLJQHGE\0DLOOHIHUHWDO6LPLODUO\DV\ULQJHSXPSIRUGHOLYHULQJ
OLTXLGPHGLFLQHVKDVEHHQGHVLJQHGDQGSDWHQWHGE\6DQGHUVRQHWDO7KHVHWZRSXPSVIRUPVDPDMRUSDUWRI
WKHPRGHUQSXPSVXVHGLQWKHPHGLFDOILHOG(DUOLHUWRWKHVHGHVLJQVDGHYLFHXVHGDVK\SHUGHUPLFV\ULQJHWRLQMHFW
HOHFWURPDJQHWLFHQHUJ\LQWRGHHSO\LQJWLVVXHVKDVEHHQGHVLJQHGDQGWHVWHGE\7D\ORUDQG/HRQDUG6\ULQJH
SXPSVKDYHDOVREHHQGHYHORSHGWRLQWRLQMHFWSKRWRUHVLVWILOPVRYHU0LFUR(OHFWUR0HFKDQLFDO6\VWHPV7KH\KDYH
DOVREHHQGHYHORSHG IRU GHSRVLWLQJ1DQR ILOPV9DULRXVPXOWL V\ULQJH IORZ LQMHFWLRQ DQDO\VLV DQG WKH DSSOLFDWLRQ
WHFKQLTXHKDVEHHQUHYLHZHGE\0DQXHO0LURHWDO$YDULDEOHIORZUDWHV\ULQJHSXPSIRUV\QWKHVLVRI)H3
1DQR URGV KDV EHHQ GHVLJQHG E\ 3DUN HW DO  7KH SUREOHP IDFHG ZLWK WKH GHVLJQ RI V\ULQJH SXPS LV WKH
GLIIHUHQFH REVHUYHG LQ WKH PHDVXUHG IORZ UDWH FRPSDUHG WR WKH GHVLUHG IORZ UDWH 7KH DFWXDO IORZ UDWH ODJV WKH
FDOFXODWHGYDOXHEHFDXVHRIWKHGHVLJQLQDFFXUDFLHVDQGWKHIULFWLRQDOSUHVVXUHGURSVDWYDULRXVLQWHUIDFHV6\ULQJH
SXPSZLWKJUDSKLFDOGLVSOD\IRUHUURUFRQGLWLRQVKDVEHHQIDEULFDWHGE\5RQGHOHWHWDO7KHNQRZOHGJHRI
WKHHUURUKHOSVLQGHVLJQLQJ DV\ULQJHSXPSZLWKSUHFLVHIORZUDWHV7KHUHDUHYDULRXVPHWKRGVWKDWFDQEHHPSOR\HG
WRFRQWURO WKH V\ULQJHSXPS WRDGPLQLVWHU WKHGHVLUHGTXDQWLW\RI IOXLGV  $QHOHFWURPDJQHWLF ,QWHUIHUHQFH (0,
LQIXVLRQSXPSFRQWUROOHGE\*60PRELOHSKRQHVLVGLVFXVVHGE\&DOFDJQLQLHWDO
,QWKHSUHVHQWZRUNDV\ULQJHSXPSIRUDGPLQLVWHULQJIOXLGVLQWR WKHPLFURFKDQQHOVDWDSUHFLVHIORZUDWHKDV
EHHQ GLVFXVVHG  7KH V\ULQJH SXPS LV DFWXDWHG E\ D VWHSSHUPRWRU 6RPH RI WKHPHWKRGV IRU FRQWUROOLQJ VWHSSHU
PRWRUVKDVEHHQGLVFXVVHGLQWKHSDVW$/RZFRVW06,FRQWUROOHUIRUVWHSSHUPRWRUVKDYHEHHQGHVLJQHGE\)DGXO
DQG :HLGHQERHUQHU ZKLFKFRQWUROVWKHVSHHGDQGGLUHFWLRQRIVWHSSHUPRWRU/RZFRVWFRQWUROIRUPXOWLD[LV
VWHSSHUPRWRUVLVGLVFXVVHGE\)DGXODQG$UQROG7KHGHVLJQHGVWHSSHUPRWRULVFRQWUROOHGE\395'
0LFURFRQWUROOHULQZKLFKVWHSGHOD\LVJLYHQEDVHGRQWKHIORZUDWHUHTXLUHG7KLVLVVLPLODUWRWKHGHVLJQRIVWHSSHU
PRWRUFRQWUROV\VWHPEDVHGRQ$7&PLFURFRQWUROOHUSUHVHQWHGE\4XQHWDO7KHURWDU\PRWLRQRIWKH
VWHSSHUPRWRUKDVWREHFRQYHUWHGWROLQHDUPRWLRQ$QDSSURSULDWHGHVLJQRIWKHFRQYHUVLRQLVQHFHVVDU\WRHQVXUHD
VPRRWKUXQQLQJRIDV\VWHP$GHWDLOHGGLVFXVVLRQRQWKHNLQHPDWLFGHVLJQRSWLPL]DWLRQIRUVPRRWKUXQQLQJRIWKH
V\VWHPKDVEHHQSURSRVHGE\9DUDQDVLHWDO,QWKHSUHVHQWGHVLJQWKHFRQYHUVLRQRIURWDU\WROLQHDUPRWLRQ
LVGRQHE\XVLQJDOHDGVFUHZPHFKDQLVP7KHGHVLJQHGV\ULQJHSXPSLVWHVWHGZLWKZDWHUDVWKHIOXLGIRUYDULRXV
IORZUDWHV7KHPDVVRI WKHIOXLG LQMHFWHGRXW IRUDJLYHQ WLPH LQWHUYDO LVZHLJKHGXVLQJDSUHFLVLRQEDODQFH7KH
H[SHULPHQWDO UHVXOWV DUH FRPSDUHGZLWKQXPHULFDO SUHGLFWLRQV7KHQXPHULFDO DQDO\VLV KDVEHHQ FDUULHGRXW XVLQJ
6LPXOLQN WRROER[ LQ0DWODE7KH UHVXOWVDUH IRXQG WREH LQJRRGDJUHHPHQWZLWK WKHH[SHULPHQWV 7KHGHVLJQ LV
IRXQGWREHDFRVWHIIHFWLYHVROXWLRQWRWKHSUREOHPRIDGPLQLVWHULQJDSUHFLVHTXDQWLW\RIIOXLG
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0RVWO\WKHIOXLGLQMHFWHGLQWRWKHPLFURFKDQQHOVLQFDVHRIVXUIDFHPLFURPDFKLQLQJXVLQJV\ULQJHSXPSVDUHDW
KRUL]RQWDOSRVLWLRQV6RWKHGDWXPKHDGDWWKHLQOHWDQGWKHRXWOHWDUHWKHVDPH
ൌ
$WORZIORZUDWHVSUHVVXUHDWLQOHWLVVOLJKWO\KLJKHUWKDQWKHH[LWSUHVVXUHZKLFKLVDVVXPHGWREHDWPRVSKHULF
ൌ Ǥ ൅ െ
7RGHWHUPLQHWKHIRUFHWREHDSSOLHGRQWKHSLVWRQIRUDNQRZQIORZUDWH4,QOHWSUHVVXUH3 LV FDOFXODWHGIURPWKH
DERYHHTXDWLRQ
ൌ ൈ
6RWKHIRUFHUHTXLUHGLV
ൌ Ǥ ൅ ሺ ሻ ൈ 
7KH(TQ JLYHV WKHPDJQLWXGHRI IRUFH UHTXLUHG WRSXVK WKH V\ULQJHZLWK WKHZDWHU DVZRUNLQJ IOXLG ,W FDQEH
FRQFOXGHGEDVHGRQ(TQWKDWWKHVWHSSHUPRWRURI.JILVVXIILFLHQWWRDFWXDWHWKHV\ULQJH
([SHULPHQWDO6HWXS
7KHVFKHPDWLF OD\RXWRI WKH V\ULQJHSXPSLV VKRZQLQ)LJ7KHVWHSSHUPRWRUXVHG LVDK\EULG W\SHZLWK
ZLUHVZRUNLQJXQGHUDVXSSO\ YROWDJHRI9DQGDPD[LPXPIRUFHRI.JI7KHVWHSSHUPRWRULVFRQWUROOHGE\DQ
PLFURFRQWUROOHU7KHGHVLUHGIORZUDWHLVJLYHQDVDQLQSXWWRWKHFRQWUROOHUYLDNH\ERDUGLQWHUIDFH7KHVWHS
GHOD\LVFDOFXODWHGEDVHGRQWKHJLYHQLQSXW7KHFRQWURODOJRULWKPKDVEHHQGLVFXVVHGLQWKHIROORZLQJVHFWLRQ7KH
RXWSXW VKDIW RI WKH K\EULG VWHSSHUPRWRU LV FRXSOHG WR WKH VFUHZ ZKHUH URWDWLRQDO PRWLRQ LV FRQYHUWHG WR OLQHDU
PRWLRQ E\ OHDG VFUHZPHFKDQLVP 7KH VFUHZ URWDWHV ZLWK WKH VKDIW 7KH FRQYHUVLRQ RI URWDU\ WR OLQHDUPRWLRQ L
PHFKDQL]HGE\DOHDG7KHWUDQVODWLRQDOIRUFHSXVKHVWKHSOXQJHU7KHV\ULQJHLVFODPSHGWRPLQLPL]HWKHUHGXQGDQW
PRYHPHQWV7KHGHVLJQHGV\ULQJHSXPSLVVKRZQLQ)LJ
)LJ  6FKHPDWLF/D\RXW
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)LJ 6\ULQJH3XPS
7KHGHVLJQSDUDPHWHUVRIWKHV\ULQJHSXPSDUHVKRZQLQ7DEOH)RUPHDVXULQJWKHIORZUDWHVDSUHFLVLRQEDODQFH
6KLPDG]X&RUSRUDWLRQ$8;PRGHOZKLFKKDVDPHDVXULQJUDQJHRIJPVZLWKDPLQLPXPGLVSOD\RIPJ
DQGDOLQHDULW\RIPJLVXVHG 7KHUHSHDWDELOLW\RIWKHEDODQFHLVOHVVWKDQRUHTXDOWRPJ
7DEOH 3DUDPHWHUVRI6\ULQJH3XPS
1XPEHURI6WHSV 
3LWFK/HQJWKFP 
9ROXPHRI )OXLGLQVLGHWKH6\ULQJHPO 
/HQJWKRIWKH6\ULQJHFP 
 &RQWURO$OJRULWKP
)LJVKRZVWKHIORZFKDUWRIWKHFRQWURODOJRULWKP7KHVWHSSHUPRWRULVFRQWUROOHGE\DQPLFURFRQWUROOHU
7KHWLPHGHOD\LVDVVLJQHGEDVHGRQWKHLQSXWEDVHG RQWKHFDOFXODWLRQVKRZQEHORZ
7LPHUHTXLUHGIRUURWDWLRQ 6î776HFRQGV
6LQFHIRUHYHU\URWDWLRQWKHUHLVDIRUZDUGPRYHPHQWHTXDOWRSLWFKOHQJWKRIWKHSOXQJHU
7LPHUHTXLUHGIRUDVLQJOH3LWFKOHQJWKIRUZDUGPRYHPHQW 6î77 6HFRQGV
9ROXPHRIIOXLGDWH[LWLQDVLQJOHSLWFKOHQJWKPRYHPHQW 9î3/
6RWKHIORZUDWH
ൌ
ൈ ൈ
ሺሺ ൈ ሻ ൅ ሻ
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)LJ &RQWURO$OJRULWKP
7KHWLPHGHOD\WREHDVVLJQHGIRUWKHJLYHQIORZUDWHLVDVVKRZQLQHTQ
ൌ ሺ ൈ ൈ ൈ
כሻ
ൈ ൈ

7KH WLPHU YDOXH RI WKH  PLFURFRQWUROOHU LV VHW EDVHG RQ WKH FDOFXODWLRQ 7KH SROHV RI WKH VWHSSHU PRWRU LV
FRQWLQXRXVO\DFWXDWHGWDNLQJLQWRFRQVLGHUDWLRQRIWKHWLPHUYDOXH7KHGLJLWDORXWSXWIURPWKHVWHSSHUPRWRULVJLYHQ
WR/VWHSSHUPRWRUGULYH/VWHSSHUPRWRUGULYHLVFRQQHFWHGZLWKDX[LOLDU\FLUFXLWFRPSRQHQWVUHTXLUHGWR
SURYLGHD9 VXSSO\7KHHUURUEHWZHHQWKHGHVLUHGDQGDFWXDWHGIORZUDWHLVLQFOXGHGLQWKHDOJRULWKPWRREWDLQD
SUHFLVHIORZUDWH
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 1XPHULFDO6LPXODWLRQ
7KHV\ULQJHSXPSGHVLJQLVVLPXODWHGLQ6LPXOLQNDQGUHVXOWVREWDLQHGLQH[SHULPHQWVDUHFRPSDUHGDQGYDOLGDWHG
ZLWK WKDW RI WKH VLPXODWLRQ UHVXOWV 7KH EORFN GLDJUDPGUDZQ LQ 6LPXOLQN LV VKRZQ LQ )LJ   ,Q WKH VLPXODWLRQ
VWHSSHUPRWRUGULYHUDQGVWHSSHUFRQWUROOHUDUHXVHGWRGULYHWKHVWHSSHUPRWRU7KHVWHSSHUFRQWUROOHULVXVHGWRJLYH
WLPHGHOD\EHWZHHQHDFKVWHS7KHDGYDQWDJHRIWKHVLPXODWLRQOLHVLQWKHIDFWWKDWWKHDQJOHRIURWDWLRQRIWKHVWHSSHU
PRWRUDWDSDUWLFXODU LQVWDQWFDQEHVHQVHGE\ WKHURWDWLRQDOPRWLRQVHQVRU7KHURWDU\PRWLRQRIVWHSSHUPRWRU LV
FRQYHUWHGWROLQHDUPRWLRQWRGULYHWKHV\ULQJHSXPS7KLVLVVLPXODWHGZLWKWKHKHOSRIWKHURWDU\OLQHDUFRQYHUVLRQ
HOHPHQWDYDLODEOHLQWKH6LPXOLQNWRROER[LQ0DWODE
7KHV\ULQJHSXPSLVUHSODFHGE\DVLQJOHDFWLQJF\OLQGHUZKLFKJLYHVOLQHDUPRYHPHQWRIWKHSLVWRQDVRXWSXW7KH
DPRXQWRI IOXLGGLVFKDUJHGIURPWKHF\OLQGHU LVFDOFXODWHGIURPWKHDUHDRI WKHF\OLQGHUDQGYHORFLW\RI WKH IOXLG
7KHUHVXOWVDUHYDOLGDWHGZLWKWKDWRIWKHH[SHULPHQWDORQH7KHRWKHUGHVLJQSDUDPHWHUVIRUWKHVLPXODWLRQDUHWKH
VDPHDV WKDWRI WKHH[SHULPHQWDOGHVLJQSDUDPHWHUV7KHVLPXODWLRQKHOSV LQREWDLQLQJD UHDO WLPHVFHQDULRRI WKH
V\ULQJHSXPSV\VWHP
)LJ6LPXODWHG'HVLJQRIWKH6\ULQJH3XPS
5HVXOWVDQG'LVFXVVLRQ
1XPHULFDO5HVXOWV
7KHRXWSXWRI WKHVLPXODWLRQFDQEHVWXGLHGE\GLYLGLQJ WKH RSHQ ORRSV\VWHP LQWR WKUHHVXEV\VWHPV7KHVWHSSHU
PRWRUVIRUPVDSDUWRIWKHILUVWVXEV\VWHP)LJ VKRZVWKHSRODUSORWRIWKHYDULDWLRQLQDQJOHRIURWDWLRQRIVWHSSHU
PRWRUZLWKWLPH7KHLQVWDQWDQHRXVSRVLWLRQRIDSLVWRQFDQEHXQGHUVWRRGIURPWKH QDWXUHRIWKHSRODUJUDSK7KH
DPRXQWRIURWDWLRQEHWZHHQFRQVHFXWLYHWLPHGHOD\VFDQEHHDVLO\GHWHUPLQHG7KHRYHUDOOOLQHDUGLVWDQFHPRYHG
E\ WKH VLQJOH DFWLQJ F\OLQGHUZKLFK LV WKHPHDVXUH RI IORZ UDWH LV VKRZQ LQ WKH JUDSK LQ )LJ  ,W FRQVLGHUV WKH
IRUZDUGPRYHPHQWRIWKHSLVWRQLQWKHVXEV\VWHPO\LQJEHWZHHQWKHVWHSSHUPRWRUDQGWKHOLQHDUWRURWDU\FRQYHUWHU
)LJ  VKRZV WKH OLQHDU GLVSODFHPHQW SURGXFHG E\ WKH URWDU\ WR OLQHDU FRQYHUWHU LQ ZKLFK LV WKH WKLUG DQG ILQDO
VXEV\VWHP
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7HVWLQJRIWKH'HVLJQ
7KHGHVLJQLVWHVWHGIRUYDULRXVIORZUDWHV7KHIOXLGLVFRQQHFWHGLQDF\OLQGHUIRURQHKRXU7KHPDVVRIWKHIOXLGLV
PHDVXUHG XVLQJ WKH SUHFLVLRQ EDODQFH7KH GLIIHUHQFH LQ WKH FDOFXODWHG DQG WKH GHVLUHG YDOXH LV QRWHG7KH JUDSK LV
SORWWHGEHWZHHQWKHDFWXDODQGWKHVLPXODWHGYDOXH7KHJUDSKLVVKRZQLQ)LJ 7KHHUURUIXQFWLRQLVWKHQLQFOXGHGLQ
WKH SURJUDP LQ RUGHU WR REWDLQ D PRUH SUHFLVH YDOXH 6LQFH WKH HUURU LV DSSUR[LPDWHO\ OLQHDU D OLQHDU FXUYH ILWWLQJ
WHFKQLTXH LV XVHG 7KH JUDSK EHWZHHQ WKH H[SHULPHQWDO DQG VLPXODWHG YDOXH DIWHU WKH LQFOXVLRQ RI  HUURU IXQFWLRQ LV
VKRZQLQ)LJ
)LJ$QJOHURWDWHGE\VWHSSHUPRWRU
)LJOLQHDUGLVSODFHPHQWSURYLGHGE\URWDU\WROLQHDUFRQYHUWHU
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)LJ/LQHDUGLVWDQFH PRYHGE\VLQJOHDFWLQJF\OLQGHUSLVWRQ
)LJ&DOFXODWLRQRI(UURU)XQFWLRQ
(UURU)XQFWLRQ\ [
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)LJ*UDSKEHWZHHQ([SHULPHQWDODQG6LPXODWHG 9DOXH
&RQFOXVLRQ
,Q WKH SUHVHQW DUWLFOH WKH GHVLJQ 6\ULQJH SXPS FRQWUROOHG E\ DQ PLFURFRQWUROOHU LV GHVLJQHG IRU LQMHFWLQJ
IOXLGVLQPLFURFKDQQHOVLQVXUIDFHPLFURPDFKLQLQJ7KHV\ULQJHSXPSLVDFWXDWHGE\DVWHSSHUPRWRU7KHURWDU\WR
OLQHDUFRQYHUVLRQLVGRQHXVLQJDOHDGVFUHZPHFKDQLVPLQRUGHUWRDFKLHYHDVPRRWKRSHUDWLRQRIWKHV\VWHP7KH
PHFKDQLVPXVHGLVVLPXODWHGLQ0DWODE6LPXOLQNDQGWKHUHVXOWVDUHYDOLGDWHGZLWKWKDWRIWKHH[SHULPHQWDORQHV
7KH SXPS LV GHVLJQHG ZLWK SURSHU DOLJQPHQW DQG WKH LQFOXVLRQ RI HUURU IXQFWLRQ LQ WKH RSHQ V\VWHP SURYLGHV D
SUHFLVH IORZ UDWH 7KH SXPS LV WHVWHG IRU ZDWHU DV D IOXLG 7KH V\ULQJH FDQ EH GHVLJQHG EDVHG RQ WKH QXPHULFDO
VLPXODWLRQIRUDQ\IOXLGWREHLQMHFWHGLQWKHPLFURFKDQQHOV
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